All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

The factors regulating the variation of biotic communities along ecological gradients have been much studied in ecology because of their implications in understanding the processes underlying species associations \[[@pone.0170763.ref001],[@pone.0170763.ref002]\]. Community diversity is determined by a complex interplay of habitat features, species interactions and present/historical climatic conditions \[[@pone.0170763.ref003],[@pone.0170763.ref004]\]. This means that the variation in community diversity is not always simply correlated with environmental predictors, particularly over relatively large spatial scales \[[@pone.0170763.ref005]\].

We investigated the factors that might determine the composition and diversity of amphibian larval guilds in north-west Africa. Diversity can be described as species richness, but it is also related to the degree of functional or phylogenetic relatedness of the species forming a community, which can differ even in situations where the richness of two communities is almost equal \[[@pone.0170763.ref006]\]. Moreover assessing the phylogenetic and functional diversity of communities allows determine some mechanisms of the functionality of an ecosystem that do not depend solely on the number of species \[[@pone.0170763.ref007]\]. In anurans, species-rich communities are organized by the divergence of morphological traits, facilitating the occurrence of species at distinct habitat levels (like the heights of arboreal strata \[[@pone.0170763.ref008]\]), but there are also communities in which co-occurring species show high functional redundancy \[[@pone.0170763.ref009]\].

We examined the effects of climate and habitat type, because both are correlated with species composition in a community \[[@pone.0170763.ref010],[@pone.0170763.ref011]\]. Furthermore, the region under study shows contrasting environmental clines associated with rapid spatial species turnover \[[@pone.0170763.ref012]\]. Therefore, we expected that the amphibian larval guilds would be significantly affected by the gradients in environmental factors, becoming more homogeneous (i.e., less functionally and phylogenetically diverse) under arid climates. Similarly, we expected that irrespective of climate, the types of aquatic habitats would also exert an important influence on community structure. Large water bodies, with high mesohabitat heterogeneity, host more diverse amphibian communities, up to a limit imposed by the increasing effects of predators and competition \[[@pone.0170763.ref013],[@pone.0170763.ref014]\].

Amphibian larvae display a broad variation in shape, depending on whether they occur in lentic or lotic habitats, and where they live in the water column \[[@pone.0170763.ref015],[@pone.0170763.ref016]\]. Therefore those species that occupy similar larval habitats also share some morphological traits, independent of their evolutionary relationships \[[@pone.0170763.ref017],[@pone.0170763.ref018]\]. This allows species to be classified into morphological groups, which are similar in the distinct global ecoregions \[[@pone.0170763.ref017]\]. In temperate regions most urodeles can be grouped into two main groups \[[@pone.0170763.ref016]\]; in 'stream' group, the overall shape has a relatively shorter vertical axis and the dorsal fin is restricted to the tail, whereas in the 'pond' group, the overall shape has a relatively longer vertical axis and the dorsal fin extends along the back. Similarly, in anurans, in the 'lentic-benthic' group the overall shape has a relatively shorter vertical axis and in the 'lentic-nektonic' group the overall shape has a relatively longer vertical axis \[[@pone.0170763.ref017]\]. In north-western Africa, the genus *Salamandra* and *Pleurodeles* were assigned to stream and pond types respectively \[[@pone.0170763.ref019]\], but the morphological affinities of larval anurans have not yet been ascertained.

In this study, we tested several hypotheses regarding the variation in composition of larval amphibian communities. We expected that the different species occurring in north-western Africa would cluster into two main morphological groups, as in other temperate regions, and that group occurrence would be structured along an aquatic habitat gradient \[[@pone.0170763.ref020],[@pone.0170763.ref021]\]. We expected that some larval traits (such as larval size, body shape, and developmental period) would correlate with the environmental cline; e.g., in the arid belt, the predominant anuran species would have benthic larvae that developed rapidly, traits that are usually associated with ephemeral ponds \[[@pone.0170763.ref022]\]. We expected that nektonic types, which occur in deeper water bodies \[[@pone.0170763.ref017]\], would be associated with more mesic conditions. We also expected clinal variations in the shapes of the urodele larvae, because the stream type of larvae is frequently associated with cooler and humid montane habitats, whereas the pond type is more typical of the plains \[[@pone.0170763.ref016]\]. Finally we predicted that this gradient would influence the larval assemblage composition, both in species identity and functional/phylogenetic diversity, becoming simpler under more extreme conditions.

Methods {#sec002}
=======

Study Region {#sec003}
------------

Our study covered most of north-west Africa, including Morocco, Algeria and Tunisia ([Fig 1](#pone.0170763.g001){ref-type="fig"}). The region shows a marked variation in climate, from the humid regions near the Mediterranean coast (*Csa* climate type, Köppen classification) to the subtropical Sahara Desert (*BWh* climate type, Köppen classification) \[[@pone.0170763.ref023]\]. Hydrologically, the region is characterized by high seasonality and irregular precipitation, with occasional prolonged droughts \[[@pone.0170763.ref024]\]. Fourteen species of amphibians (four urodeles and ten anurans) are currently recognised in the region \[[@pone.0170763.ref025],[@pone.0170763.ref026]\]. The eastern Algerian and Tunisian populations of *Hyla meridionalis* are genetically very different from the Moroccan populations, so we treated both clades separately \[[@pone.0170763.ref027]\]. Fieldwork was authorised by scientific permits provided by the Algerian authorities (University Badji Mokhtar, Annaba), the Tunisian Ministry of Agriculture and the Haut Commissariat aux Eaux et Forêts et à la Lutte Contre la Désertification (HCEFLCD/DLCDPN /CFF), Morocco. The field studies did not involve endangered or protected species.

![Map of the study region, showing sampled sites and amphibian species-richness at the larval stage.](pone.0170763.g001){#pone.0170763.g001}

Sampling and Habitat Characterization {#sec004}
-------------------------------------

The aquatic habitats surveyed included temporary ponds, daïats (permanent/semi-permanent ponds), springs and streams. We defined 'ponds' as both artificial and natural temporary/permanent lentic water bodies, including gravel pits and cattle pools \[[@pone.0170763.ref028]\]; 'springs' as rheocrene/helocrene water sources that contain standing water or with low flow \[[@pone.0170763.ref029]\]; 'streams' as natural lotic water bodies, less than 8.25 m in width \[[@pone.0170763.ref028]\], and 'stream pools' as sections of a stream bounded by stone/ground margins or separated by different ground levels (preventing the exchange of amphibian larvae). These habitats were sampled in February-April over a 5--year period (2010--2015), based on previous surveys that showed that this period included the breeding activity of all the amphibians occurring in the region, although some species (such as *Amietophrynus mauritanicus*, *Discoglossus pictus*, and *Pelophylax saharicus*) can extend their reproductive period until the beginning of summer \[[@pone.0170763.ref030],[@pone.0170763.ref031]\]. Given the way we collected data, we could not estimate detection probabilities. We therefore have to assume that detection probabilities were constant.

The presence of larvae was determined by dip netting. Dip net effort was set proportional to pond area using up to 10 dips in water bodies with surface areas \< 50 m^2^, and up to 60 dips in water bodies \> 1000 m^2^ ([S1A Table](#pone.0170763.s001){ref-type="supplementary-material"}). Sampling was performed across all heterogeneous mesohabitats, from the open to vegetated zones of the water body. In the case of the streams, the stones were turned over to increase the chances of capture. We also determined the occurrence of predators in the aquatic habitats. We classified them into four categories: native predatory arthropods (Dytiscidae, Heteroptera, Hydrophilidae, Libellulidae, Notostraca, *Potamon algeriense* \[[@pone.0170763.ref032]\]), alien species (*Gambusia holbrooki*, *Lepomis gibbosus*, *Procambarus clarkii*; \[[@pone.0170763.ref033],[@pone.0170763.ref034]\]), urodeles (both larvae and adults), and semi-aquatic reptiles *(Emys orbicularis*, *Mauremys leprosa*, *Natrix astreptophora*, *Natrix maura;* \[[@pone.0170763.ref031]\]). All these species or taxonomic groups prey amphibian larvae on a regular basis and influence the compositions of amphibian communities \[[@pone.0170763.ref031],[@pone.0170763.ref035]--[@pone.0170763.ref037]\]. The variables measured included the average water body surface area (m^2^) and water column depth (cm). The surface area of each water body was estimated by measuring the maximum length of its longitudinal axis and the length of its transverse axis, and assuming an elliptical shape. In water bodies larger than 100 m^2^, the surface area was estimated using a Garmin Dakota 100 GPS unit. Average depth was taken as the mean value of five successive measurements from the shore to the centre of the water body. We visually estimated the percentage of the surface area covered by emergent vegetation. We also examined water temperature (°C) *in situ* with a Hach HQ10 Portable LDO meter. The aquatic habitats were sampled between 11:00 h and 16:00 h (local time) in order to standardise the measurement.

Geographic Information Systems Data {#sec005}
-----------------------------------

We used data taken from a set of variables that describe environmental conditions, and are relevant to amphibian natural history \[[@pone.0170763.ref038]\]. Forest cover was described based on remote sensing imagery, with a resolution of 30 m pixel^--1^ \[[@pone.0170763.ref039]\]. Topography was described based on a digital elevation model, with a resolution of 250 m pixel^--1^\[[@pone.0170763.ref040]\]. Climate was described based on mean annual temperature and a surrogate for the water-energy balance--the aridity index (mean annual precipitation/mean annual potential evapotranspiration) both with a resolution of 1000 m pixel^--1^\[[@pone.0170763.ref041],[@pone.0170763.ref042]\]. The aridity index ranges from 0--0.03 (hyper-arid), 0.03--0.2 (arid), 0.2--0.5 (semi-arid), 0.5--0.65 (dry sub-humid), to ≥ 0.65 (humid) \[[@pone.0170763.ref042]\]. Data was extracted from GIS layers using the package Quantum-GIS vs 2.18 \[[@pone.0170763.ref043]\].

Morphological Data and Groups {#sec006}
-----------------------------

We described larval phenotypes (shape and size) based on analyses of digital images. To reduce the variability associated with the developmental changes of the larvae, we included only those larvae in the advanced stages of development: Gallien-Durocher stages 55a and 55b in *Pleurodeles* and Gosner stages 30--38 in anuran larvae \[[@pone.0170763.ref044],[@pone.0170763.ref045]\]. For each species, we selected specimens from distinct types of aquatic habitat whenever possible, in an attempt to capture the range of phenotypic diversity. The site and aquatic habitat characteristics and the number of specimens per species examined are shown in [S1A and S1B Table](#pone.0170763.s001){ref-type="supplementary-material"}. Photographs were taken following a standardized protocol \[[@pone.0170763.ref046]\]. We used these images to perform an outline shape analysis based on discrete Fourier transformations \[[@pone.0170763.ref047]\]. Images from each specimen were decomposed into 80 Elliptic Fourier Coefficients, which allow the definition of species' mean shapes \[[@pone.0170763.ref047]\]. The 80 coefficients characterizing the species' mean shapes were then included in a hierarchical agglomerative clustering obtained by multiscale bootstrap resampling \[[@pone.0170763.ref048]\]. This method estimates the optimal number of clusters and their statistical likelihoods, based on approximately unbiased (AU) *P*-values \[[@pone.0170763.ref048]\]. The species' clusters, generated separately for both taxonomic orders, were interpreted as the principal larval types or morphological groups. To assess the possible variation associated with phenotypic plasticity, we estimated the occurrence of any significant intraspecific variability with permutational multivariate analysis of variance (PERMANOVA) \[[@pone.0170763.ref049]\]. Image analyses were conducted using the package SHAPE vs. 1.3 \[[@pone.0170763.ref050]\] and ImageJ vs 1.50e \[[@pone.0170763.ref051]\]. Statistical analyses were carried out using the package 'pvclust' \[[@pone.0170763.ref052]\] for R \[[@pone.0170763.ref053]\] and PRIMER-E (PRIMER-E Ltd., Plymouth).

We included larval traits other than body shape and size in the analyses: the larval development time, the relative positions of the eyes and the oral apparatus, and the colour pattern on the tail \[[@pone.0170763.ref017]\]. The time required to complete larval development is a critical factor determining the occurrence of amphibians in aquatic habitats, and different species vary greatly in these periods, according to their different reproductive strategies \[[@pone.0170763.ref017]\]. The positions of the eyes (dorsal or lateral) and oral apparatus (anteroventral or terminal) are traits linked to body shape, and vary according to the species' occupancy of the water column \[[@pone.0170763.ref017]\]. The tail colour pattern (bicolored, mottled, or uniform) can indicate differences in the larval exposure to predators \[[@pone.0170763.ref054]\]. These data were obtained from bibliographic sources \[[@pone.0170763.ref031],[@pone.0170763.ref055]\] and are shown in [S1B Table](#pone.0170763.s001){ref-type="supplementary-material"}. In the urodeles studied, there were no differences in the relative positions of the eyes or mouth ([S1B Table](#pone.0170763.s001){ref-type="supplementary-material"}), so these traits were not considered in the analysis.

Guild Structure {#sec007}
---------------

We defined 'guild' as a group of related species that co-occur in a single aquatic habitat and therefore share similar resources, without defining the functional roles of the species composing that community \[[@pone.0170763.ref056]\]. Because both taxonomic orders (urodeles and anurans) occupy different trophic levels, we studied them separately. Urodele larvae are carnivorous, and their diets include several types of arthropods and anuran larvae, whereas most anuran larvae are omnivorous \[[@pone.0170763.ref018]\].We assessed the guild diversity based on the species richness, phylogenetic distances and functional indices.

The degree of phylogenetic relatedness among the species comprising a guild was estimated using the mean pairwise phylogenetic distance \[[@pone.0170763.ref057]\]. The phylogenetic distances among taxa (measured in millions of years ago; Ma) were obtained from TimeTree, based on the median distances of the molecular time estimates \[[@pone.0170763.ref058]\]. The relative functional distances based on the scores of the first axis of Principal Component Analyses (PCA) of the species' mean shapes, the species sizes, the development time and the categorical traits were obtained by Gower's similarity coefficient \[[@pone.0170763.ref059]\]. We calculated two measures of functional evenness--the species average distance to the group centroid, and the nearest neighbour distance in the principal coordinates (PCO) plane \[[@pone.0170763.ref059]\]. To assess guild diversity, we selected those indices that measure functional evenness, because they are less biased by species richness \[[@pone.0170763.ref060]\]. All these calculations were performed using the package PRIMER-E (PRIMER-E Ltd., Plymouth).

Data Analysis {#sec008}
-------------

We investigated three possible effects of gradient on the composition of larval guilds: (i) on species identity; (ii) on larval traits; and (iii) on diversity. First, we examined the environment influence on species identity using a Canonical Outlying Mean Index analysis (CANOMI) \[[@pone.0170763.ref061]\]. This type of analysis evaluates the importance of the variables explaining species occurrence, but also the deviation (or marginality) of these species relative to a hypothetical average niche \[[@pone.0170763.ref061]\]. We were also interested in visualizing groups of species using average clustering, based on CANOMI scores, identifying significant groups based on similarity profile permutation test \[[@pone.0170763.ref062]\]. Differences in the compositions of larval guilds within the same type of aquatic habitat were evaluated with PERMANOVA, using similarity matrices computed with Sørensen distances. In this analysis, we took into account the variability attributable to environmental conditions. To do so, we constructed a model that included the elevation, mean annual temperature, aridity index, and forest cover as covariates.

We examined the possible correlation between larval traits and the environmental gradient using the 'fourth-corner' approach \[[@pone.0170763.ref063]\]. This method assesses the relationship between three matrices: (i) a presence-absence matrix; (ii) an environmental matrix, containing the predictor data; and (iii) a trait matrix. In this analysis, we also included the categories of predators because they have different impact on larval types \[[@pone.0170763.ref064]\]. We were also interested in assessing the phylogenetic structure of the larval morphospace. To do this, we assessed the associations between phylogenetic distances and continuous traits (body shape and size) using Moran's autocorrelation coefficient (Moran's *I*) \[[@pone.0170763.ref065]\]. This coefficient ranges from −1 (the species are less similar than expected under a Brownian motion model) and 1 (the species are more similar than expected) \[[@pone.0170763.ref065]\].

We modeled the association between the gradient and diversity (species richness, taxonomic and functional indices) using Generalized Linear Models (GLMs). We constructed the GLMs using Poisson (species richness) and Gaussian distributions (diversity indices). The descriptors of aquatic habitats (surface area and average depth) were normalized and transformed to a single variable using a PCA. The best explanatory models were selected based on Akaike's Information Criterion with a correction for finite sample sizes (AICc) \[[@pone.0170763.ref066]\]. The models were compared using AICc values and two associated measures: delta AICc and Akaike weights. In general, a delta value \< 2 is strong evidence for the model \[[@pone.0170763.ref066]\]. Akaike weights are a measure of the relative importance of a variable, and are the sum of the variable weights in all the models containing that variable \[[@pone.0170763.ref066]\]. These analyses were conducted using the 'ade4' \[[@pone.0170763.ref067]\], 'adehabitatHS' \[[@pone.0170763.ref068]\] and 'MuMIn' \[[@pone.0170763.ref069]\] packages in R.

Results {#sec009}
=======

We detected the presence of amphibian larvae in a large part of the study area ([Fig 1](#pone.0170763.g001){ref-type="fig"}). In most of the water bodies surveyed urodele guilds included only a single species (98.9%), whereas in anurans 53.6% of water bodies comprised one species, 38.9% two species, 6.1% three species, and 1.4% four species. The characteristics of the water bodies and sites where each species occurred (Tables [1](#pone.0170763.t001){ref-type="table"} and [2](#pone.0170763.t002){ref-type="table"}) showed that some species tolerate a wide variety of environmental parameters, particularly some bufonids and ranids such *Amietophrynus mauritanicus*, *Bufotes boulengeri* and *Pelophylax saharicus*.

10.1371/journal.pone.0170763.t001

###### Water body characteristics (mean and standard deviation) for north-western Africa amphibians.

Surface area (m^2^); average depth (cm); water temperature (°C).

![](pone.0170763.t001){#pone.0170763.t001g}

                                 Surface area      Average depth   Emergent vegetation   Water temperature
  ------------------------------ ----------------- --------------- --------------------- -------------------
  *Alytes maurus*                32 ± 13           23 ± 6          0.5 ± 0.29            12.8 ± 1.6
  *Amietophrynus mauritanicus*   3586 ± 1496       111 ± 78        0.4 ± 0.06            20.6 ± 0.8
  *Barbarophryne brongersmai*    9240              9               0.2                   18.9
  *Bufo spinosus*                2038 ± 869        38 ± 16         0.4 ± 0.18            12.5 ± 2.4
  *Bufotes boulengeri*           4.6e04 ± 4.3e04   27 ± 4          0.3 ± 0.06            21.8 ± 0.6
  *Discoglossus pictus*          1304 ± 283        29 ± 2          0.6 ± 0.03            17.7 ± 0.4
  *Discoglossus scovazzi*        6059 ± 4144       28 ± 4          0.5 ± 0.06            14.7 ± 0.8
  *Hyla aff*. *meridionalis*     917 ± 177         80 ± 40         0.5 ± 0.04            17.2 ± 0.5
  *Hyla meridionalis*            2.2e04 ± 1.2e04   34 ± 2          0.7 ± 0.03            16.8 ± 0.4
  *Pelobates varaldii*           4679 ± 1712       38 ± 3          0.7 ± 0.06            16.9 ± 0.5
  *Pelophylax saharicus*         2.6e04 ± 2.3e04   94 ± 53         0.5 ± 0.05            17.7 ± 0.7
  *Pleurodeles nebulosus*        808 ± 232         27 ± 3          0.5 ± 0.04            19,2 ± 0.6
  *Pleurodeles poireti*          3037 ± 1049       37 ± 5          0.7 ± 0.06            13.9 ± 0.5
  *Pleurodeles waltl*            3.2e04 ± 1.3e04   31 ± 2          0.7 ± 0.03            17.4 ± 0.4
  *Salamandra algira*            357 ± 120         32 ± 4          0.3 ± 0.06            11.3 ± 0.4

10.1371/journal.pone.0170763.t002

###### Niche characteristics (mean and standard deviation) for north-western Africa amphibians.

Elevation (m); annual temperature (°C); forest cover (% per 30 m).

![](pone.0170763.t002){#pone.0170763.t002g}

                                 Elevation    Annual temperature   Aridity index   Forest cover
  ------------------------------ ------------ -------------------- --------------- --------------
  *Alytes maurus*                1550 ± 162   11.6 ± 1.0           0.65 ± 0.14     37 ± 18
  *Amietophrynus mauritanicus*   176 ± 46     17.8 ± 0.1           0.36 ± 0.03     0 ± 0
  *Barbarophryne brongersmai*    187          17.3                 0.27            0
  *Bufo spinosus*                965 ± 227    14.0 ± 0.9           0.84 ± 0.04     36 ± 15
  *Bufotes boulengeri*           167 ± 58     18.0 ± 0.3           0.31 ± 0.03     0 ± 0
  *Discoglossus pictus*          153 ± 19     17.6 ± 0.1           0.56 ± 0.02     8 ± 2
  *Discoglossus scovazzi*        377 ± 100    16.8 ± 0.4           0.61 ± 0.41     12 ± 5
  *Hyla aff*. *meridionalis*     145 ± 28     17.7 ± 0.1           0.58 ± 0.02     6 ± 3
  *Hyla meridionalis*            224 ± 36     17.5 ± 0.1           0.45 ± 0.02     4 ± 1
  *Pelobates varaldii*           96 ± 9       18.2 ± 0.0           0.46 ± 0.05     0 ± 0
  *Pelophylax saharicus*         371 ± 71     16.9 ± 0.3           0.50 ± 0.03     17 ± 5
  *Pleurodeles nebulosus*        108 ± 23     17.7 ± 0.1           0.53 ± 0.03     5 ± 3
  *Pleurodeles poireti*          55 ± 14      17.1 ± 0.1           0.64 ± 0.01     2 ± 1
  *Pleurodeles waltl*            159 ± 14     17.9 ± 0.1           0.41 ± 0.01     1 ± 1
  *Salamandra algira*            800 ± 67     14.9 ± 2.9           0.71 ± 0.04     42 ± 6

The hierarchical agglomerative analysis of the species mean shapes showed two highly supported clusters in urodeles (AU *P*-values = 1.00), separating *Salamandra* from the *Pleurodeles* species ([Fig 2](#pone.0170763.g002){ref-type="fig"}). *Pleurodeles* larvae were characterized by their overall shapes having a relatively longer vertical axis, and large dorsal fins ([Fig 2](#pone.0170763.g002){ref-type="fig"}). *Salamandra algira* showed a shorter vertical axis and a short caudal fin. In anurans, we detected two supported clusters (AU *P*-values = 1.00), separating the genus *Hyla* and *Pelobates* from *Alytes*, *Amietophrynus*, *Barbarophryne*, *Bufo*, *Bufotes*, *Discoglossus*, and *Pelophylax* ([Fig 2](#pone.0170763.g002){ref-type="fig"}). *Hyla meridionalis* (both sublineages) and *Pelobates varaldii* larvae were characterized by their overall shapes having a relatively longer vertical axis and large dorsal fins ([Fig 2](#pone.0170763.g002){ref-type="fig"}). The remaining species showed shorter vertical axis and short caudal fins ([Fig 2](#pone.0170763.g002){ref-type="fig"}). PERMANOVA showed no significant intraspecific variability ([S1C Table](#pone.0170763.s001){ref-type="supplementary-material"}). There was also no correlation between the morphological traits and phylogenetic distances in the urodeles (body shape, Moran's *I* = --0.825, *P* = 1.000; size, Moran's *I* = --0.488, *P* = 0.504) and anurans (body shape, Moran's *I* = --0.145, *P* = 0.746; size, Moran's *I* = --0.210, *P* = 0.927).

![Hierarchical clustering based on multiscale bootstrap resampling of Elliptic Fourier Coefficients.\
AU (Approximately Unbiased) *P*-value and BP (Bootstrap Probability) value. The main groups can be assigned to different morphological groups, marked with a red square. AMA, *A*. *mauritanicus*; AMU, *A*. *maurus*; BBO, *B*. *boulengeri*; BBR, *B*. *brongersmai*; BSP, *B*. *spinosus*; DPI, *D*. *pictus*; DSC, *D*. *scovazzi*; HMA, *H*. *aff*. *meridionalis* (eastern form); HME, *H*. *meridionalis*; PNE, *P*. *nebulosus*; PPO, *P*. *poireti*; PSA, *P*. *saharicus*; PVA, *P*. *varaldii*; PWA, *P*. *waltl*; SAL, *S*. *algira*.](pone.0170763.g002){#pone.0170763.g002}

The first axis of the CANOMI (CS1; eigenvalue = 0.43) showed a highly negative correlation to the aridity index, elevation, forest cover and some aquatic habitat types (springs and stream pools) and positive to mean annual temperature and temporary ponds ([Fig 3](#pone.0170763.g003){ref-type="fig"} and [Table 3](#pone.0170763.t003){ref-type="table"}). This axis described the transition from mountains to plains. The species that showed a high negative correlation with CS1 were *Salamandra algira*, *Alytes maurus* and *Bufo spinosus* ([Fig 3](#pone.0170763.g003){ref-type="fig"}). These species occupied marginal positions in the niche space, relegated to humid mountain forests ([S1D Table](#pone.0170763.s001){ref-type="supplementary-material"}), and comprised a distinctive group from other North African amphibians (Figs [3](#pone.0170763.g003){ref-type="fig"} and [4](#pone.0170763.g004){ref-type="fig"}). The second axis of the CANOMI (CS2; eigenvalue = 0.19) was negatively associated with the aridity index and positively to water temperature ([Fig 3](#pone.0170763.g003){ref-type="fig"} and [Table 3](#pone.0170763.t003){ref-type="table"}). This axis described the transition from humid to arid conditions. Species occurring in arid conditions (*Amietophrynus mauritanicus*, *Barbarophyrne brongersmai*, *Bufotes boulengeri* and *Pelophylax saharicus*) showed a highly positive correlation with CS2, whereas the genera *Pleurodeles*, *Hyla*, *Discoglossus* and *Pelobates* showed a negative relationship ([Fig 3](#pone.0170763.g003){ref-type="fig"}). PERMANOVA showed that the relationships between the assemblage composition and the mean temperature and the type of aquatic habitat were statistically significant, although they were determined by the aridity gradient within the same type of aquatic habitat ([Table 4](#pone.0170763.t004){ref-type="table"}).

![Canonical Outlying Mean Index ordination plot of sites of species occurrence, with the environmental variables fitted as vectors.\
WBS, water body size; WTE, water temperature; EVE, emergent vegetation; ELE, elevation; MAT, mean annual temperature; AIN, aridity index; FOR, forest cover; PPO, permanent ponds; SPO, stream pools; SPR, springs; TPO, temporary ponds. AMA, *A*. *mauritanicus*; AMU, *A*. *maurus*; BBO, *B*. *boulengeri*; BBR, *B*. *brongersmai*; BSP, *B*. *spinosus*; DPI, *D*. *pictus*; DSC, *D*. *scovazzi*; HMA, *H*. *aff*. *meridionalis* (eastern form); HME, *H*. *meridionalis*; PNE, *P*. *nebulosus*; PPO, *P*. *poireti*; PSA, *P*. *saharicus*; PVA, *P*. *varaldii*; PWA, *P*. *waltl*; SAL, *S*. *algira*.](pone.0170763.g003){#pone.0170763.g003}

![Main ecological groups of north-western African amphibians obtained by group average clustering of the species OMI coordinates.\
π statistics obtained by the SIMPROOF test showed significant clusters at *P* ≤ 0.05 (bold line). AMA, *A*. *mauritanicus*; AMU, *A*. *maurus*; BBO, *B*. *boulengeri*; BBR, *B*. *brongersmai*; BSP, *B*. *spinosus*; DPI, *D*. *pictus*; DSC, *D*. *scovazzi*; HMA, *H*. *aff*. *meridionalis* (eastern form); HME, *H*. *meridionalis*; PNE, *P*. *nebulosus*; PPO, *P*. *poireti*; PSA, *P*. *saharicus*; PVA, *P*. *varaldii*; PWA, *P*. *waltl*; SAL, *S*. *algira*.](pone.0170763.g004){#pone.0170763.g004}

10.1371/journal.pone.0170763.t003

###### Results of the canonical outlying mean index assessing the influence of the environmental gradient in the species occurrence.

Eigenvalues and factor scores for the environmental variables are provided for the first two axes (CS1 and CS2).

![](pone.0170763.t003){#pone.0170763.t003g}

                            CS1               CS2       
  ------------------------- ----------------- --------- --------
  Eigenvalues               0.43              0.19      
  Water body size           0.07              0.25      
  Water temperature         0.59              0.53      
  Emergent vegetation       0.31              --0.39    
  Elevation                 --0.83            0.27      
  Mean annual temperature   0.81              --0.16    
  Aridity index             --0.49            --0.64    
  Forest                    --0.62            --0.001   
  Habitat type              Permanent ponds   --0.20    0.16
                            Stream pools      --0.42    0.35
                            Springs           --0.50    --0.01
                            Temporary ponds   0.71      --0.32

10.1371/journal.pone.0170763.t004

###### PERMANOVA test assessing differences in the composition of amphibian guilds depending on the types of aquatic habitats and macro-environmental descriptors, including the interactions between parameters.

Probabilities are shown in bold when *P* ≤ 0.05.

![](pone.0170763.t004){#pone.0170763.t004g}

  Parameters                                  Pseudo-*F*   *P*
  ------------------------------------------- ------------ ------------
  Water body type                             1.80         **0.0400**
  Elevation                                   0.71         0.6011
  Elevation x water body type                 0.48         0.9343
  Mean annual temperature                     2.43         **0.0443**
  Mean annual temperature x water body type   0.97         0.4665
  Aridity index                               0.62         0.6722
  Aridity index x water body type             2.14         **0.0097**
  Forest cover                                2.14         0.0655
  Forest cover x water body type              0.93         0.5199

A fourth-corner analysis showed that in urodeles, body shape was influenced by the aquatic habitat type, water temperature and the predator type, whereas in anurans, it was influenced by the aquatic habitat type, emergent vegetation and the predator type (Tables [5](#pone.0170763.t005){ref-type="table"} and [6](#pone.0170763.t006){ref-type="table"}). A marginally significant correlation was detected between the body shape of the anuran larvae and the aridity index and forest cover ([Table 6](#pone.0170763.t006){ref-type="table"}). As expected, the relative positions of the eyes and oral apparatus showed correlations similar to those of body shape in the anuran larvae, and were associated with emergent vegetation and predator type ([Table 6](#pone.0170763.t006){ref-type="table"}). The best GLM explaining the variation in species richness included the water body size (positive relationship; [Table 7](#pone.0170763.t007){ref-type="table"}). The best model explaining the variation in mean phylogenetic distances included the aridity index, water body size, water temperature, temporary ponds (positive relationship) and forest cover (negative relationship). The best model explaining the variation in functional indices included the water body size, aridity index, temporary ponds, and emergent vegetation (the latter only explained the nearest neighbour functional distance; [Table 7](#pone.0170763.t007){ref-type="table"}) which showed positive relationships.

10.1371/journal.pone.0170763.t005

###### Correlations of urodele larvae traits with the environmental gradient, based on fourth-corner analysis.

Water body size, PC1 scores of water mass surface area and average depth. Body shape, PC1 scores of mean shapes, obtained by Fourier transformation. Probabilities are shown in bold when *P* ≤ 0.05.
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                                      Body shape   Larval size   Development time   Color pattern
  --------------------- ------------- ------------ ------------- ------------------ ---------------
  Water body size       correlation   --0.09       --0.05        --0.15             1.17
                        *P*           0.253        0.520         0.334              0.286
  Water temperature     correlation   --0.61       0.13          --0.64             95.02
                        *P*           **0.041**    0.086         0.334              0.250
  Emergent vegetation   correlation   --0.38       0.27          --0.28             33.10
                        *P*           0.168        0.374         0.504              0.250
  Predator type         correlation   46.42        15.63         18.53              62.94
                        *P*           **0.041**    0.417         0.334              0.250
  Habitat type          correlation   --0.61       26.99         31.18              96.23
                        *P*           **0.041**    0.374         0.334              0.250
  Elevation             correlation   0.77         --0.56        0.49               278.18
                        *P*           0.166        0.292         0.334              0.250
  Mean temperature      correlation   --0.77       0.56          --0.50             273.30
                        *P*           0.250        0.292         0.334              0.250
  Aridity index         correlation   0.48         --0.09        0.547              50.79
                        *P*           0.379        0.248         0.334              0.505
  Forest cover          correlation   0.65         --0.44        0.46               136.79
                        *P*           0.168        0.374         0.334              0.250

10.1371/journal.pone.0170763.t006

###### Correlations of anuran larvae traits with the environmental gradient, based on fourth-corner analysis.

Water body size, PC1 scores of water mass surface area and average depth. Body shape, PC1 scores of mean shapes, obtained by Fourier transformation. Probabilities are shown in bold when *P* ≤ 0.05.
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                                      Body shape   Larval size   Development time   Eye/Oral apparatus   Color pattern
  --------------------- ------------- ------------ ------------- ------------------ -------------------- ---------------
  Water body size       Correlation   0.01         0.08          0.12               2.05                 3.76
                        *P*           0.852        0.070         **0.033**          0.120                0.085
  Water temperature     correlation   --0.15       --0.04        --0.09             4.62                 2.67
                        *P*           0.146        0.344         0.052              0.381                0.669
  Emergent vegetation   correlation   0.31         0.11          0.16               3.15                 1.93
                        *P*           **0.004**    0.344         0.253              **0.024**            0.085
  Predator type         correlation   11.44        1.31          2.34               35.21                8.49
                        *P*           **0.0004**   0.532         0.329              **0.004**            0.813
  Habitat type          correlation   9.62         0.36          1.89               17.04                8.60
                        *P*           **0.024**    0.776         0.094              0.149                0.082
  Elevation             correlation   --0.16       0.00          0.02               4.73                 1.29
                        *P*           0.114        0.939         0.595              0.352                0.186
  Mean temperature      correlation   --0.15       0.02          --0.00             5.26                 1.11
                        *P*           0.146        0.584         0.936              0.311                0.240
  Aridity index         correlation   0.09         --0.05        --0.01             0.39                 11.71
                        *P*           0.051        0.257         0.841              0.488                0.325
  Forest cover          correlation   --0.09       0.00          0.02               6.91                 1.64
                        *P*           0.053        0.937         0.568              0.119                0.123

10.1371/journal.pone.0170763.t007

###### Relative importance (weighted) of the variables included in the best supported GLMs (Delta AICc \< 2) testing for the patterns of phylogenetic and functional structure of anuran guilds.

Variables with weights greater than 0.5 are shown.
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  Diversity indices             Parameters            Coefficients   Weight
  ----------------------------- --------------------- -------------- --------
  Species richness              Water body size       0.074          0.91
  Mean phylogenetic distance    Aridity index         0.197          1.00
                                Water body size       0.114          0.91
                                Water temperature     0.132          0.68
                                Forest cover          --0.121        0.57
                                Temporary pond        0.126          0.52
  Mean functional distance      Water body size       0.205          1.00
                                Temporary pond        0.135          0.98
                                Aridity index         0.106          0.73
  Nearest functional distance   Water body size       0.174          1.00
                                Aridity index         0.132          0.95
                                Temporary pond        0.136          0.89
                                Emergent vegetation   0.080          0.52

Discussion {#sec010}
==========

Compared with other Mediterranean regions, only a small number of amphibian species inhabit north-west Africa \[[@pone.0170763.ref070],[@pone.0170763.ref071]\]. Here we present the first comprehensive assessment of the factors determining the phylogenetic and functional diversity of the amphibian guilds in north-western Africa.

The analyses showed two well-supported morphological clusters in urodeles. The larvae of one urodele group (which included only one species, *Salamandra algira*) were characterized by a flattened shape, uniform coloration, and relatively small size. These characters, together with others (dorsal fin ending at the base of the tail, gills reduced, and the presence of functional limbs at hatching), indicate that this species can be assigned to the stream type \[[@pone.0170763.ref019]\]. The larvae of the other group, which included the three species of the genus *Pleurodeles*, were characterized by a fusiform shape, speckled tail pattern, and larger size. These characters, together with the presence of long gills, a dorsal fin that extended to the back, and the absence of functional limbs at hatching, suggest that these species be included within the pond morphological type \[[@pone.0170763.ref019]\].

The stream type also occupies lentic habitats in north-western Africa. This has also been reported for other salamanders grouped within the stream type (e.g., in *Desmognathus*, *Euproctus*, *Eurycea*, *Necturus* and *Salamandra* species; \[[@pone.0170763.ref016],[@pone.0170763.ref072],[@pone.0170763.ref073]\]). By contrast, the pond type rarely occupies lotic habitats in north-western Africa. The partitioning of the use of lotic and lentic habitats, together with differences in the optimal temperatures for larval development \[[@pone.0170763.ref030]\], possibly explains the little overlap observed between the two urodele morphological groups in the region (1.1% of aquatic habitats). Predators could also have some influence on these patterns because *Pleurodeles* larvae frequently occur in habitats where there is abundance of large arthropods. The high dorsal fins of the *Pleurodeles* larvae probably make them less vulnerable to attack by this type of predators \[[@pone.0170763.ref074]\]. The low spatial overlap observed between *Pleurodeles nebulosus* and *Pleurodeles poireti* was probably caused by competitive interference \[[@pone.0170763.ref075]\].

In anura we also detected in two well-supported morphological clusters. One anuran larval group was characterized by a fusiform shape, with a high vertical/horizontal ratio, lateral eyes, an oral apparatus situated in a terminal position, moderate-large size, and a long period of larval development. This group included the genera *Hyla* and *Pelobates*, and corresponded to the lentic-nektonic type \[[@pone.0170763.ref017]\]. The other group was characterized by its flattened form, dorsal eyes, and oral apparatus located in the antero-ventral region. This group included the genera *Alytes*, *Amietophrynus*, *Barbarophryne*, *Bufo*, *Bufotes*, *Discoglossus*, and *Pelophylax*, and corresponded to the lentic-benthic type \[[@pone.0170763.ref017]\].

The occurrence of both main morphological types was influenced by the aridity and the level of forest cover in the landscape. Increased aridity is associated with unstable hydrological regimes, which possibly favour species with small benthic tadpoles, such as xeric Bufonidae (genera *Barbarophryne* and *Bufotes*) and *Discoglossus* \[[@pone.0170763.ref031]\]. At the other end of the gradient, the effect of the forest cover may be attributable to the fact that only a few species in the region can complete their development in shaded ponds (*Alytes maurus* and *Bufo spinosus*, lentic-benthic group). Some features of the aquatic habitats also affected the occurrence of both anuran morphological groups. The lentic-nektonic group (genera *Hyla* and *Pelobates*) showed a positive association with temporary ponds densely populated by emergent macrophytes (*Isoetes*, *Ranunculus*). These aquatic habitats are particularly favourable for nektonic species because they are fishless, have relatively long hydroperiods (necessary for the development of macrophyte communities \[[@pone.0170763.ref076]\]), and provide shelter and food for large tadpoles \[[@pone.0170763.ref077]\]. In these ponds nektonic species frequently coexist with the lentic-benthic group (*Hyla* and *Discoglossus* species appear together in 21% of the surveyed ponds). However, the lentic-benthic group was not associated with specific habitat features, and some species in this group are generalists that breed in a broad range of aquatic habitats (e.g., *Discoglossus pictus* and *Pelophylax saharicus*).

Larval size is not related to differences in habitat occupancy. Greater size in anuran larvae represents an adaptive advantage in those aquatic habitats hosting a high density of predators, which are more common in larger water bodies \[[@pone.0170763.ref078],[@pone.0170763.ref079]\]. This reproductive strategy also has its cost, because larger tadpoles require longer hydroperiods to complete their development \[[@pone.0170763.ref080]\]. Similarly the two species in the region with very large larvae are associated with permanent or long-hydroperiod ponds \[[@pone.0170763.ref031],[@pone.0170763.ref081]\]. However, although *Pelophylax* and *Pelobates* larvae may be better adapted to occupy these habitat types, other species are not completely excluded, even those that typically breed in ephemeral pools. In this sense, some species with short developmental periods (i.e., 15--60 days), such as *Discoglossus* and xeric Bufonidae \[[@pone.0170763.ref031],[@pone.0170763.ref082]\], also occupy large aquatic habitats.

We detected no phylogenetic signal within the larval morphospace. Distantly related species display similar phenotypes (e.g., comparing *Discoglossus* and Bufonidae, separated by 211 Ma \[[@pone.0170763.ref058]\]). Unstable climatic behaviour over long periods \[[@pone.0170763.ref083],[@pone.0170763.ref084]\] could have favoured those species with generalist phenotypes, as is observed in amphibians in other ecozones \[[@pone.0170763.ref085],[@pone.0170763.ref086]\].

The species composition of the larval guilds was largely influenced by the type of aquatic habitat and the climate, as expected. The aridity determined the species turnover in aquatic habitats (e.g., *Pelophylax saharicus* replaces *Alytes maurus* in streams along an aridity cline). The cluster-analyses indicated two main ecological groups in the region. One comprises *Alytes maurus*, *Bufo spinosus* and *Salamandra algira*, occupying marginal niches under cool, humid climates. These species belong to lineages of Eurasian origin, which invaded the region during the Late Neogene \[[@pone.0170763.ref087]--[@pone.0170763.ref089]\], and occupy similar habitats in northern Africa to those inhabited by congeneric species on the Iberian Peninsula. Both *Alytes maurus* and *Bufo spinosus* typically breed in low-order streams, although they lack the anatomical traits of true rheophilic tadpoles \[[@pone.0170763.ref017]\]. The other cluster is composed of eurytopic/thermophilic species, differentiated by their tolerance to aridity. Most of these species appear on steppes or in highly anthropic landscapes with no or low forest cover. This group frequently occupies lentic habitats, mainly temporary ponds, although *Pelophylax saharicus* also occurs in lotic habitats. *Amietophrynus mauritanicus*, *Barbarophryne brongersmai*, *Bufotes boulengeri*, *Discoglossus pictus*, *Hyla meridionalis* and *Pelophylax saharicus* favoring the presence of river networks reach extreme habitats in the margins of the Sahara Desert \[[@pone.0170763.ref026],[@pone.0170763.ref031]\].

Temporary ponds covered with dense layers of macrophytes host the most complex tadpole guilds in the region. These results could be related to the absence of fish, greater primary productivity, greater structural complexity and the temporal variability of these aquatic habitats \[[@pone.0170763.ref028],[@pone.0170763.ref090]\]. The size of the water bodies exerts little influence on the species found, but is the best predictor of the diversity of the larval guilds. This suggests that in north-western Africa amphibians try to maximize their use of the available water bodies. This may be due to the unpredictable precipitation in the region \[[@pone.0170763.ref091]\]. Most of these species breed synchronously, their reproductive behavior being triggered by the onset of the rains \[[@pone.0170763.ref031]\]. Opportunistic breeding is the most adaptive response to erratic rainfall patterns, and is widespread in those amphibians exposed to highly seasonal climates \[[@pone.0170763.ref092],[@pone.0170763.ref093]\]. Low species richness (i.e., unsaturated guilds) could also favour stochastic associations between species \[[@pone.0170763.ref094]\]. Moreover, the abundance of predators in large aquatic habitats diminishes tadpole densities and the competition among tadpoles \[[@pone.0170763.ref095]\].

Higher species richness with increasing size of water body is also associated with higher phylogenetic and functional diversity of the tadpole guilds. Phylogenetic diversity was positively associated with the breadth of the functional space because numerous traits showed a phylogenetic signal \[[@pone.0170763.ref096]\]. These facts suggest that there may be some level of resource partitioning, possibly at the foraging level (i.e., benthic *vs*. pelagic foraging). This segregation at fine spatial scale between guilds is observed in other temperate amphibian larval communities \[[@pone.0170763.ref097]\] and possibly reduces interference between species, a critical aspect in ponds that may quickly dry out.

The species richness of amphibian larval guilds in north-western Africa is mainly determined by the size of the available aquatic habitats. Similar correlations have also been described in other ecoregions of the world, including highly diverse tropical communities \[[@pone.0170763.ref098],[@pone.0170763.ref099]\]. This suggests that the size of aquatic habitats is a key factor structuring larval communities at the global scale, possibly facilitated by resource partitioning at several habitat levels \[[@pone.0170763.ref017]\]. In our study region, distinct anuran types tend to occur syntopically, possibly caused by opportunistic breeding under unpredictable rainfall regimes.
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